Radiata pine logs exhibiting concentric shelling were examined for abnormal wood anatomy and cell wall characteristics. The trees from which the logs originated were growing on coastal sand dunes with a shallow impermeable iron pan subsoil, and the abnormal wood properties are assumed to be the result of frequent water stress and possible associated nutritional stress. The wood showed numerous false growth rings alternating with bands of poorly lignified tracheids. Examination of lignin distribution by confocal fluorescence microscopy and transmission electron microscopy revealed abnormal cell wall development associated with a poorly lignified middle lamella and outer secondary cell wall. Affected tracheids showed poor adhesion with development of intercellular checking, particularly on radial cell walls. Some tracheids showed concentric lamellation associated with areas of high and low lignification within the secondary wall. In many cases, the S 3 layer was thicker and more heavily lignified than normal. Tracheids with the greatest reduction in lignification of the secondary wall showed evidence of collapse. The shelling behaviour of the wood was thus explained by poor or negligible adhesion between tracheids due to reduced lignification of middle lamellae. This investigation provides some insight into the effect of growth environment on lignification.
INTRODUCTION
Abnormal lignin distribution in tracheid cell walls is most often attributed to gravitational stimulus in leaning stems or branches resulting in the formation of reaction wood. Compression wood in gymnosperms may occur in a gradation from mild to severe forms with progressively greater changes in cell wall structure. Typically such cells have intercellular spaces, reduced lignification of the middle lamella region and increased lignification of the outer secondary wall (S 2 L region) (Wardrop & Dadswell 1950; Côté et al. 1966 Côté et al. , 1968 Fukazawa 1974; Yumoto et al. 1983; Donaldson et al. 1999 ).
There have been relatively few reports of abnormal lignification that is not associated with reaction wood. Rubbery wood in apple is the result of reduced lignification caused by a virus (Beakbane & Thompson 1945) . Barnett (1976) has described rings of unlignifed and collapsed tracheids in lysimeter grown radiata pine trees subjected to drought. Daniel et al. (1991) describe poorly or non lignified regions of the middle lamella in birch, poplar, European beech, white cheesewood (Alstonia scholaris), and baltic pine without explanation of cause. Similar observations were made for white birch and black spruce (Tirumalai et al. 1996) . Downes et al. (1991) observed a reduction in lignification of the middle lamella in wood from copper deficient radiata pine trees, although the reduced lignification was not attributed directly to the nutritional status of the trees. Donaldson et al. (1997) have described genetically based variation in the lignification of the cell corner middle lamella in radiata pine. Gindl & Grabner (2000) have reported a reduction in lignin concentration within the secondary cell wall in latewood tracheids which was correlated with autumn temperature under alpine growth conditions. This report describes the lignin distribution in tracheids from forest grown trees of radiata pine subjected to severe periodic drought conditions.
MATERIALS AND METHODS
Discs were collected from the ends of logs exhibiting severe shelling (concentric checking or ring shakes) at a wood processing plant in Northland, New Zealand. The trees were known to have been harvested from a forest located on coastal sanddunes with shallow sand over a hard iron pan subsoil. Because of these site characteristics, the trees are likely to have been subjected to periodic severe drought conditions. Areas of the sample discs associated with shelling were saturated in water, sectioned with a sledge microtome at a thickness of 30-60 µm and stained with acriflavin (0.01% aq.) for 3-5 minutes. Sections were mounted in glycerol (wet) or immersion oil (dry) and examined by confocal fluorescence microscopy (Leica TCS NT) (Kutscha & McOrmond 1972; Knebel & Schnepf 1991) . Additional samples were cut into 2 × 3 mm blocks, dehydrated in an acetone series and embedded in Spurr resin (Spurr 1969) . Blocks were sectioned with glass knives at a thickness of 2-3 µm, stained with acriflavin, dried and mounted in immersion oil for confocal fluorescence microscopy. Confocal microscopy was performed using wavelengths of 488 /568 nm for excitation, and 530 /600 nm for imaging, using volumes ranging from 2 to 45 µm in thickness. Image series were rendered as maximum intensity or extended focus (average intensity) projections (Knebel & Schnepf 1991) .
Some blocks were also ultrathin sectioned for transmission electron microscopy on a Leica ultramicrotome using a diamond knife. Ultrathin sections were stained with 1% potassium permanganate in 1% sodium citrate for 2 minutes prior to examination by transmission electron microscopy (Philips EM300).
RESULTS AND DISCUSSION
The discs examined contained shelling checks in the outer 2-3 growth rings often with multiple concentric checks within a growth ring (Fig. 1) . Some discs showed severe sapstaining in the outer 1-2 cm of sapwood. It was apparent that the presence of shelling had facilitated the spread of fungal hyphae within the wood, the exposed surfaces of the check having been more extensively colonized. The surface of shelling fractures had a loose fibrous texture often extending up to one millimetre from the fracture surface. Tracheids adjacent to the fracture surface were paler in colour than adjacent normal wood although this was partially masked by the sapstaining. Numerous false growth rings were observed in the outer part of the stem with shelling zones located between the high-density latewood areas. Tracheids adjacent to the shelling (earlywood tracheids) were often relatively thick-walled (5-8 µm cf. 3-4 µm for typical radiata pine, Donaldson & Lausberg 1998; Fig. 2, 3) . Fig. 1 . Concentric shelling (arrows) in a stem from a severely drought stressed tree. Shelling is restricted to the outer few growth rings suggesting that the tree became more stressed with age.
Examination by confocal fluorescence microscopy using acriflavin, which stains lignified cell walls green and unlignified cell walls red, indicated that while tracheids in the outer part of the stem were lignified, the lignification was often severely abnormal in terms of the quantity and distribution of lignin ( Fig. 2-5 ). These changes could be found throughout the affected wood but were of variable intensity. The effect was more pronounced in the outer growth rings. Areas of normal wood (Fig. 2) were interspersed with abnormally lignified wood in concentric layers indicating a shortterm (within annual growth ring) periodicity to the phenomenon. The affected tissues ranged from: 1) Small groups of cells at the surface of shelling fractures with poorly lignified secondary walls showing evidence of collapse (Fig. 3B, 4A ).
2) Cells adjacent to shelling fractures with poorly lignified outer secondary walls and middle lamellae, but with normally lignified inner secondary walls with no evidence of collapse (Fig. 4B ).
3) Cells located some distance from shelling fractures with poorly lignified or nonlignified middle lamellae especially at the cell corners and on radial walls but to a lesser extent on tangential walls. Some of these cells showed concentric bands of reduced lignification within the secondary wall (Fig. 5 ). Confocal fluorescence microscopy of cell walls stained with acriflavin clearly showed abnormal features of lignification compared to normal wood (Fig. 2) . While most of the secondary cell walls were lignified there were concentric layers of reduced lignification especially in the outer part of the secondary wall ( Fig. 3-5 ). Similar features have been described by Daniel and Nilsson (1984) in otherwise normal wood of Pinus sylvestris L. although these structures were not known to be associated with drought and were much less distinct. The middle lamella region often showed no fluorescence or a weak red fluorescence indicating the presence of unlignified cell wall material (Fig. 4B) . Intercellular checks were formed at the cell corners and along the radial walls due to the collapse of this poorly lignified region. These intercellular checks were clearly different from the intercellular spaces that form in compression wood which are restricted to the cell corners and are not associated with collapsed or distorted wall material. Compression wood was absent in the material described.
It is interesting to note that in many of these cells the S 3 region appears more developed than usual both in thickness and in lignification. The fact that the majority of these abnormal cells did not show evidence of collapse suggests that a partially lignified secondary wall provides sufficient compression strength to allow xylem to function in water conduction. Only those cells with severely reduced secondary wall lignification showed evidence of collapse. The increased development of the S 3 region may have contributed additional compression strength compensating for the reduced lignification in the outer secondary wall of many tracheids (Booker 1993; Booker & Sell 1998) . A lignified middle lamella seems not to be necessary for water conduction, contributing only to the integrity of the stem. In these trees, there was apparently sufficient normal wood to compensate for the poor intercellular adhesion within the affected regions so that the trees did not collapse under their own weight. The increased cell wall thickness of normal tracheids may also have been a response by the tree to increase the compression strength of intervening areas by the production of false latewood rings.
Transmission electron microscopy confirmed the results of confocal fluorescence microscopy, revealing further details of abnormal cell wall development in tracheids adjacent to the shelling phenomenon (Fig. 6-9 ). Normal wood from an unaffected tree is shown for comparison (Fig. 6) . Transmission electron microscopy confirmed results from confocal fluorescence microscopy providing additional details at higher resolution (Fig. 7) .
Areas of middle lamella at the surface of shelling fractures and in adjacent cells (20-30 or more cells distant from the fracture), are completely abnormal. The middle lamella region of affected cells shows a fine granular texture consisting of small globules, presumably of lignin, approximately 50-100 nm in diameter (Fig. 8) . Intervening areas appear to contain strands, presumably of carbohydrate material, negatively contrasted by the stained lignin structures. Some cells have middle lamellae that are more compact but still clearly abnormal while other cells have middle lamellae that appear to be completely unlignified. In the cell corner region, the middle lamella forms a thin collapsed structure surrounded by intercellular checks (Fig. 8) . Fig. 7 . Transmission electron micrograph of a tracheid cell wall at the surface of a shelling fracture showing reduced lignification of the outer secondary wall including part of the S 2 layer, the S 1 layer and the compound middle lamella (ml). The S 3 layer adjacent to the lumen is thick and highly lignified but contains a thin lamella (arrow) with reduced lignification. Scale bar = 1 µm. . Transmission electron micrograph of a tracheid cell wall adjacent to an area of shelling showing a progressive reduction in lignification of the middle lamella with distance from the cell corner region. Part of the middle lamella (ml) has similar or less lignification than the adjacent secondary wall. The outer part of the secondary wall including parts of both the S 2 and S 3 layers is highly lignified. The reduced staining intensity of the cell wall at the top of the image suggests variation in the extent of lignification among adjacent tracheids. Scale bar = 1 µm.
The boundary between the primary wall /middle lamella is often unstained or very weakly stained suggesting reduced lignification. A progressive reduction in lignification of the middle lamella with distance from the cell corner areas was observed in radial walls, often reaching levels similar to or less than the adjacent S 1 region (Fig. 9) . Cell corner regions in normal wood are considered to be more lignified than the intervening areas of middle lamella (Fergus et al. 1969; Wood & Goring 1971) and this trend seems also to be reflected in the abnormal tracheid cell walls.
The S 1 region appears uniformly lignified to a similar extent as the outer S 2 region. However, the outer S 2 region is significantly less lignified than the inner part of the S 2 (Fig. 7) . The width of this region varies from about a third to half of the width of the S 2 region and is not always located adjacent to the S 1 layer but sometimes forms a narrow band of reduced lignification within the S 2 region confirming the observations using confocal microscopy. In some cases, there are multiple concentric lamellae of reduced lignification. The S 3 wall layer is often thicker than in normal cells, and lignification varies from similar to the inner S 2 layer to more highly lignified.
Drought stressed trees of P. radiata have been examined by Barnett (1976) , who describes rings of collapsed tracheids with unlignified secondary walls in young trees grown in containers. The formation of false rings in drought stressed trees is a well known phenomenon (Glerum 1970) . The formation of resin pockets has also often been attributed to drought among other factors (Frey-Wyssling 1942; Clifton 1969; Cown 1973) . There is little doubt that the phenomenon described by Barnett (1976) is essentially the same as that described here for forest trees. However, there are some differences in the details of lignification, which might be due to a difference in the age of the affected trees or to the severity of the phenomenon. Barnett (1976) examined the state of lignification by UV fluorescence microscopy and found that the secondary walls were not lignified but the middle lamellae were lignified. The affected cells were restricted to a layer 6 cells wide in comparison to the much wider zone of affected cells in the sand dune trees suggesting a much more continuous state of drought stress in the latter trees. Barnett concluded that the effect of drought was to halt differentiation of tracheids at a stage prior to lignification. The abnormal tracheids described in the sand dune trees have a fully developed secondary wall; however, the middle lamella does show signs of abnormal development. Cell corner areas of the middle lamella are distorted and separated from the secondary wall suggesting collapse during cell wall development (Fig. 8) , possibly as a direct result of desiccation.
It is far from clear whether drought conditions affect cell wall development directly by a reduction in turgor during differentiation, by some direct or indirect affect on the biosynthesis of lignin precursors, or on lignification itself. Several studies have examined the effect of drought on wood formation (Shepherd 1964; Whitmore & Zahner 1966 , 1967 but surprisingly none of these investigations report an effect on lignification, possibly because this aspect was not examined. In radiata pine the cambium becomes inactive during severe drought (Shepherd 1964 ). Shepherd concluded that a rapid change in internal water pressure was the most important influence on wood formation.
Little is known about how the process of lignin formation within the cell wall is controlled (Donaldson 2001) . In conifers, coniferyl alcohols or their glucosides are thought to diffuse across the cell wall, eventually combining to form a polymer, which grows by addition of monomers to its surface (template polymerization) (Sarkanen 1998) . The polymerization seems to be initiated by some factor localized within certain regions of the cell wall, particularly the middle lamella, which is normally the first region to become lignified (Wardrop 1957 (Wardrop , 1976 Hepler et al. 1970; Kutscha & Schwarzmann 1975; Imagawa et al. 1976; Takabe et al. 1981 Takabe et al. , 1986 Saka & Thomas 1982; Donaldson 1991 Donaldson , 1992 Donaldson , 1994 ). The abnormal lignification described in this study could therefore be the indirect result of reduction in initiating factors. Alterations in the chemistry of the carbohydrate matrix in which the lignin polymerizes could also contribute to the abnormal lignification (Roussel & Lim 1995; Terashima et al. 1995 Terashima et al. , 1996 .
The change in lignin concentration within the S 2 region has a sharp, well defined boundary distributed at an even distance from the cell lumen for any individual cell. This boundary is not associated with any visible physical discontinuity, which suggests a diffusion related phenomenon. A possible explanation is that the abnormal lignification pattern is simply the result of dehydration of the outer cell wall during lignification. Since lignin formation occurs by displacement of water, the removal or absence of water within the cell wall would likely prevent both diffusion of lignin precursors into the lignifying wall, and their incorporation onto the surface of the expanding lignin polymer.
Similar boundaries have been observed in partially lignified cell walls (Donaldson 1992 ) supporting Barnett's hypothesis about stalled cell wall development (Barnett 1976) . Some of the tracheid cell walls in Figure 3B show poorly lignified inner secondary walls which resemble the partially lignified cell walls in developing tracheids described by Donaldson (1992) . A possible explanation for the various patterns of lignin distribution in these cells may be that in some tracheids lignification has stopped prematurely while in others it has stopped and then restarted leaving some areas only partially lignified. It is known that latewood tracheids may begin lignifying in the late autumn but remain partially lignified over the winter before completing lignification in the spring. In this case however lignification is completed normally (Donaldson 1991) .
Conditions of drought may also influence the mineral status of the tree (Will 1985; Hunter et al. 1990; Lambert & Ryan 1990) . Both calcium and boron have been implicated in cell wall formation including lignification (Wardrop 1976; Westermark 1982; Westermark et al. 1986; Welch 1995) . Radiata pine suffering from Cu deficiency has been shown to have reduced lignification of the middle lamella (Downes et al. 1991) . Unfortunately, because the trees in the present study had been felled and processed it was not possible to determine the nutrient status of the trees. However, it would be interesting to carry out controlled experiments in order to study the relative influence of water stress and nutritional status on lignification and cell wall development. The ability to drastically alter cell wall development and particularly lignification, would aid in the understanding of these critical processes of wood formation. The extensive research effort in the area of genetic modification of lignin and lignification (Boudet 2000) would benefit from an experimental system that could contribute both to understanding the process of lignification and to studying the influence of lignin on xylem function and wood properties. This approach would help predict the possible benefits (or disadvantages) of genetic modification of lignin for commercial exploitation. From the present study, we can predict that: 1) Reduced lignification of the middle lamella would be expected to greatly facilitate mechanical pulping of the affected timber resource. The sand dune trees spontaneously produced pulp fibre from the surfaces of shelling fractures.
2) Reduced lignification of the secondary wall does not seem to prevent xylem function (inferred from the presence or absence of collapse) provided at least half of the secondary wall is normally lignified and a well-developed S 3 layer is present. Only tracheids with little or no secondary wall lignification collapsed, presumably as a result of water tension from water conduction.
3) Reduced lignification is likely to have a severe effect on solid wood properties resulting in disintegration of the wood, shelling, and enhanced susceptibility to sapstain and decay microorganisms.
4) Reduced lignification of the middle lamella on radial walls may affect the function of bordered pits due to leakage of water into the extracellular spaces. This could influence both xylem function and wood processing via an effect on pit aspiration.
CONCLUSIONS
Pinus radiata trees growing under conditions of severe water stress show tracheids with concentric layers of abnormal lignification within the secondary cell wall and reduced lignification of the middle lamella. Only tracheids with severe reduction of lignification in the secondary wall show evidence of collapse implying that partial lignification of the secondary wall is sufficient to allow normal xylem function and water conduction when combined with increased cell wall thickness and a well-developed S 3 layer. Drought stressed trees may provide a useful experimental system for understanding the process of wood formation and especially lignification.
